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Abstract
Head motion is a common problem in clinical as well as empirical (functional) magnetic
resonance imaging applications, as it can lead to severe artefacts that reduce image
quality. The scanned individuals themselves, however, are often not aware of their
head motion. The current study explored whether providing subjects with this informa-
tion using tactile feedback would reduce their head motion and consequently improve
image quality. In a single session that included six runs, 24 participants performed three
different cognitive tasks: (a) passive viewing, (b) mental imagery, and (c) speeded
responses. These tasks occurred in two different conditions: (a) with a strip of medical
tape applied from one side of the magnetic resonance head coil, via the participant's
forehead, to the other side, and (b) without the medical tape being applied. Results
revealed that application of medical tape to the forehead of subjects to provide tactile
feedback significantly reduced both translational as well as rotational head motion.
While this effect did not differ between the three cognitive tasks, there was a negative
quadratic relationship between head motion with and without feedback. That is, the
more head motion a subject produced without feedback, the stronger the motion
reduction given the feedback. In conclusion, the here tested method provides a simple
and cost-efficient way to reduce subjects' head motion, and might be especially benefi-
cial when extensive head motion is expected a priori.
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1 | INTRODUCTION
Head motion is a very common and considerable problem in clinical as
well as empirical magnetic resonance imaging (MRI) applications. Being
one of the most frequent sources of artefacts, bulkhead motion nega-
tively affects the quality of the recorded images (for a review, see
Zaitsev, Maclaren, & Herbst, 2015). For functional MRI (fMRI) record-
ings, the issue is usually addressed by retrospectively correcting the
data with information from either the functional images themselves
(Friston et al., 1995; Friston, Williams, Howard, Frackowiak, & Turner,
1996) or real-time motion tracking with a camera (Stucht et al., 2015;
Todd, Josephs, Callaghan, Lutti, & Weiskopf, 2011). However, computa-
tional algorithms for motion correction are known to leave residual
motion-related artefacts in the data (Beall & Lowe, 2014; Friston et al.,
1996; Maclaren, Herbst, Speck, & Zaitsev, 2013; Power et al., 2014)
and can even induce false fMRI activations (Yakupov, Lei, Hoffmann, &
Speck, 2017). Therefore, other solutions aim to address the issue at the
source and try to prevent head motion from occurring by immobilising
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the subject, for instance, by fixating the subject's head with a plaster
cast head holder (Edward et al., 2000) or a bite bar (Bettinardi et al.,
1991; Menon, Lim, Anderson, Johnson, & Pfefferbaum, 1997). Unfortu-
nately, these passive head motion reduction methods are cumbersome
to set up and lead to significant discomfort, which is why they are not
commonly used (Zaitsev et al., 2015).
The frequent occurrence of head motion even when subjects are
explicitly told not to move, and the consequent need for methods to
reduce it, suggest that subjects do not seem to be aware that they move
their head during scanning. In fact, it has been demonstrated that provid-
ing them with this information visually, in real-time, significantly reduces
head motion (Greene et al., 2018; Yang, Ross, Zhang, Stein, & Yang,
2005). While this active head motion reduction method is very promising
in general, the specific implementation does not come without costs.
First, it is based on a rather complex technical setup that includes the
real-time analysis of head motion parameters, which might not be feasible
to implement in some scanning facilities. Second, the information that is
fed back to the subjects needs to be superimposed on any visual experi-
mental stimuli, which can potentially alter neural responses (Yang et al.,
2005). Third, subjects need to learn to extract the visual feedback infor-
mation from the display, which constitutes an additional task requiring
additional cognitive resources (Krause et al., 2017; Sulzer et al., 2013).
Here, the potential benefits of an alternative, much simpler method
to provide real-time head motion information to a subject, which does
not suffer from the above-mentioned issues, are investigated: a strip of
medical tape is applied from one side of the magnetic resonance
(MR) head coil, via the subject's forehead, to the other side (see
Figure 1). In this setup, any head motion will produce a slight shift of
the medical tape on the skin, giving immediate tactile feedback. While
this method has been in active use over the last years by several
researchers (including the authors, but also mentioned in Greene, Black,
and Schlaggar [2016]), to our knowledge no objective systematic inves-
tigation has taken place in order to verify and quantify the effects on
motion reduction empirically. The current study addresses this lack of
research. In a single session that included six runs, 24 participants per-
formed three different cognitive tasks: (a) passive viewing, (b) mental
imagery, and (c) speeded responses. These tasks occurred in two differ-
ent conditions: (a) with a strip of medical tape applied from one side of
the MR head coil, via the participant's forehead, to the other side, and
(b) without the medical tape being applied. The tasks were chosen for
being most representative of common fMRI paradigms with potentially
different degrees of motion. For all three cognitive tasks, reduced
motion was expected when the medical tape was applied.
2 | MATERIALS AND METHODS
2.1 | Participants
Twenty-four healthy volunteers (19 females; 2 left-handed; all rec-
ruited at Maastricht University, Maastricht, the Netherlands) aged
between 18 and 25 years (mean = 20.13; SD = 1.65) participated in
the experiment in return for credit points. All of them had normal or
corrected to normal vision and had no known neurological or psycho-
logical disorders. All volunteers had no prior fMRI experiences and
have never been in an MR scanner before. The study was approved
by the local ethics committee, and participants gave their written
informed consent before the procedure.
2.2 | Experimental design and procedure
Participants were engaged in a single MR session that entailed an ana-
tomical recording followed by six functional runs. Participants were
instructed to lie as still as possible throughout the entire procedure.
Table 1 shows an overview of the experimental design. Each functional
run consisted of 200 volumes and entailed one of three cognitive tasks:
(a) passive viewing, (b) mental imagery, or (c) speeded responses. The
three tasks were presented twice in two parts of the experiment, where
the second part was a repetition of each task from the first part in a
slightly different variant. In the passive viewing task, participants were
instructed to look at a red fixation cross in the centre of the screen,
while alternating blocks of 32 pictures of houses (Variant 1) or objects
(Variant 2) and female (Variant 1) or male (Variant 2) faces (stimuli were
identical to those described in “Photos used for FFA and LOC localiza-
tion” in Kriegeskorte et al. [2003]) were presented at a rate of one pic-
ture per 500 ms (leading to a block length of 16 s), with a rest period of
16 s (in which only the fixation cross was visible) in between blocks. In
the mental imagery task, participants closed their eyes and were
instructed to alternately rest (i.e., let their thoughts drift, but not think
about anything specific) on the auditory cue “rest” and to mentally ima-
gine to swim (Variant 1) or play tennis (Variant 2) on the auditory cue
“swim” or “play,” respectively. Rest and imagery blocks both lasted for
16 s. In the speeded responses task, participants were engaged in a
F IGURE 1 An illustration of how the medical tape was applied.
For safety reasons, the picture was taken in a mock scanner and does
not depict the exact same head coil used in the current study [Color
figure can be viewed at wileyonlinelibrary.com]
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colour Stroop task (Variant 1) or a spatial Stroop task (Variant 2). In the
colour Stroop task, the words “RED and “GREEN” were presented at
the centre of the screen in either red or green colour, and the partici-
pants had to respond with a left button press (right index finger) if the
colour of the word was green and with a right button press (right middle
finger) if the colour of the word was red. In the spatial Stroop task, the
words “UP” and “DOWN” were presented in either the upper or the
lower half of the screen (but in the horizontal centre), and participants
had to respond with a left button press (right index finger) if the word
was “DOWN” and with a right button press (right middle finger) if the
word was “UP”). The order and temporal spacing (between 2,000 and
16,000 ms) of trials were created randomly before the experiment and
was the same for each participant.
The rationale for having two variants of the three cognitive tasks
was to make the participants believe that they were engaged in six dif-
ferent tasks, distracting them from the main manipulation in the current
study: in one of the two parts a strip of medical tape (Leukopor 2.5 cm;
BSN medical Luxembourg Finance Holding S.à r.l., Luxembourg) was
applied from one side of the MR head coil, via the participant's fore-
head, to the other side (see Figure 1). To further distract participants
from the actual aim of the study, a Vitamin E supplement pill (Holland &
Barrett B.V., The Netherlands) was attached to the tape and participants
were told that the reason for this procedure was to better locate their
head position in the scanner. Since the actual interest of the current
study was to investigate the effects of the medical tape as an active
head motion reduction method, participants needed to know that any
head motion would produce a slight shift of the medical tape on their
skin, giving immediate tactile feedback, and that they could use this
information to fulfil the requirement of lying as still as possible. Partici-
pants were given this information in a mere side remark while applying
the medical tape in order to prevent them from realising the main aim
of the study. Whether the medical tape was applied during the first or
second part of the experiment was alternated from participant to partic-
ipant. When the medical tape was applied in the second part, it was
applied after three tasks and participants were told that this was needed
for the subsequent scans. When the medical tape was applied in the
first part, it was removed after three tasks and participants were told
that it is no longer needed for the subsequent scans. In either case, the
need to lie as still as possible was reiterated by the researcher at the
beginning of each part. Being MR novices, the participants did not ques-
tion either change in the setup after three tasks, and none of the partici-
pants realised the main aim and manipulation of the study (according to
verbal reports in the debriefing after the experiment).
After the experiment, participants were asked to fill in a short
questionnaire in which they rated the difficulty of each cognitive task
and how much they thought they had moved during that task on a
scale from 0 to 10.
All experimental paradigms were presented using Expyriment
(Krause & Lindemann, 2014). Visual stimuli were projected onto a
screen at the end of the scanner bore. Auditory cues were played back
via MR-compatible in-ear headphones. Speeded manual responses
were recorded using an MR-compatible response box. The order of
cognitive tasks, task variants, and application of medical tape were
counterbalanced across participants.
2.3 | Data acquisition
MR images were recorded on a 3 T Siemens Magnetom Prisma MR sys-
tem (Siemens, Erlangen, Germany) with a 64-channel receiver head coil.
High-resolution sagittal anatomical images were acquired using a
T1-weighted magnetization-prepared rapid gradient echo (MPRAGE)
sequence with a GRAPPA acceleration factor of 2 (repetition time/echo
TABLE 1 Overview of experimental design. In six runs, each participant was presented with three cognitive tasks: Passive viewing, mental
imagery, speeded responses. The three tasks were presented in two parts, with the second part being a repetition of each task from the first part
in a slightly different variant: Passive 1, houses vs. female faces; passive 2, objects vs. male faces; imagery 1, mental swimming; imagery 2, mental
tennis; response 1, colour Stroop; response 2, spatial Stroop. In each part, medical tape was either applied (turquoise) or not (red) [Color table can
be viewed at wileyonlinelibrary.com]
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time = 2,250/2.21 ms; flip angle = 9; field of view = 256 × 256 mm2;
number of slices = 192; slice thickness = 1.0 mm; in-plane resolu-
tion = 1.0 × 1.0 mm2). Functional images were acquired using an echo
planar T2*-weighted sequence sensitive to blood-oxygen-level-
dependent (BOLD) contrast with a GRAPPA acceleration factor of
2 (repetition time/echo time = 2,000/30 ms; flip angle = 77; field of
view = 216 × 216 mm2; number of slices = 35; slice thickness = 3.0 mm;
in-plane resolution = 3.0 × 3.0 mm). In an attempt to match brain cover-
age across participants, Siemens Auto-Alignment Scout was applied, but
the exact orientation often had to be readjusted manually.
2.4 | Data analysis
2.4.1 | Head motion parameters
All MR images were pre-processed using BrainVoyager (version
20.2; Goebel, 2012). Slice timing corrected functional images were
realigned to the first image of each run using trilinear detection and
sinc interpolation (100 iterations), resulting in the calculation of six
motion parameters (three translational, three rotational). Based on
these parameters, two indices were calculated each for rotational
and translational motion parameters individually. The head displace-
ment index captures the absolute displacement of each volume
from the initial position at the beginning of the run and was calcu-
lated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m1 tð Þ½ 2 + m2 tð Þ½ 2 + m3 tð Þ½ 2
q
ð1Þ
while the head motion index captures the relative motion from volume
to volume and was calculated as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m1 tð Þ−m1 t−Δtð Þ½ 2 + m2 tð Þ−m2 t−Δtð Þ½ 2 + m3 tð Þ−m3 t−Δtð Þ½ 2
q
ð2Þ
where m1, m2, and m3 are the three motion parameters (cf. Yang et al.,
2005). In addition, framewise displacement (FD) was calculated as
m1 tð Þ−m1 t−Δtð Þj j+ m2 tð Þ−m2 t−Δtð Þj j+ m3 tð Þ−m3 t−Δtð Þj j
+ m4 tð Þ−m4 t−Δtð Þj j+ m5 tð Þ−m5 t−Δtð Þj j+ m6 tð Þ−m6 t−Δtð Þj j ð3Þ
combining all six translational and rotational parameters (m1–m6) into
a single measure. Rotational displacements were converted from
degrees to millimetres by calculating displacement on the surface of a
sphere of radius 50 mm (cf. Power, Barnes, Snyder, Schlaggar, &
Petersen, 2012).
To investigate the effect of the application of the medical tape on
short-term head motion (i.e., volume-to-volume motion), mean FD, as
well as mean translational and rotational head motion indices per run
were each entered into a separate 2 × 3 repeated measures analysis of
variance (ANOVA) with the factors Condition (Tape, NoTape) and Task
(Passive, Imagery, Responses). To investigate the effect of the application
of the medical tape on long-term head motion (i.e., drift), the regression
coefficients of the linear regressions on translational and rotational head
displacement indices per run were each entered into a separate 2 × 3
repeated measures ANOVA with the factors Condition (Tape, NoTape)
and Task (Passive, Imagery, Responses). To understand the effect of the
medical tape in more detail, average motion in the Tape condition (mean
of all tasks per participant) was regressed on average motion in the
NoTape condition with a linear and an orthogonalised quadratic term.
To investigate the effect of the application of the medical tape on
between-run motion, head displacement indices were calculated in the
same way as described above, but on motion parameters that resulted
from an image realignment to the first image of the first run of each
part (i.e., Runs 1, 2, and 3 were realigned to Run 1 and Runs 4, 5, and
6 were realigned to Run 4), in order to preserve information about
motion between runs. For Runs 2, 3, 5, and 6, the absolute difference
between the first head displacement index value of the current run and
the last head displacement index value of the previous run was then
extracted for translation and rotation individually, and averages for both
conditions (Tape, NoTape) for each participant entered a paired t test.
All analyses based on the motion parameters were performed in
Python (version 3.7.0; Python Software Foundation, 2018) and R (ver-
sion 3.5.1; R Core Team, 2018) using the package “afex” (version 0.22;
Singmann, Bolker, Westfall, & Aust, 2016).
2.4.2 | fMRI data
All MR images were pre-processed using BrainVoyager (version 20.2;
Goebel, 2012). Anatomical images were corrected for inhomogenei-
ties and normalised to the Montreal Neurological Institute (MNI) stan-
dard space. Slice timing corrected functional images of each run were
realigned to the first image of the first run (Runs 1, 2, and 3) or fourth
run (Runs 4, 5, and 6) using trilinear detection and sinc interpolation
(100 iterations), resulting in the calculation of six motion parameters
(three translational, three rotational). Realigned images were subse-
quently high-pass filtered (linear trend removal and 2 cycles per run),
registered to the corresponding anatomical image, and spatially
smoothed with a Gaussian kernel of 4 mm FWHM.
To explore general effects of the application of the medical tape
on task-independent fMRI data quality, timecourses of each run were
extracted from a large number of regions throughout the brain, based
on the parcellation by Gordon et al. (2014) (333 regions). To guarantee
functional coverage in all runs of the scanned cohort, 30 regions had
to be reduced in size and another 30 had to be removed from further
analysis. For each of the remaining 303 regions, effects of the task
and head motion were regressed out of the timecourse of each run by
regressing seven predictors (one task, six motions) onto the data,
resulting in a cleaned residual timecourse. For passive viewing, the
task was modelled as the duration of the stimulus presentation blocks,
for mental imagery, the task was modelled as the duration of the imag-
ery blocks and for speeded responses, the task was modelled as the
time between stimulus presentation and response). Head motion was
modelled with the six motion parameters from image realignment. The
cleaned timecourse data formed the basis for two measures: (a) the
average (across all runs of all subjects) difference in temporal signal-
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to-noise ratio (tSNR; Welvaert & Rosseel, 2013) between conditions
(Tape, NoTape) was calculated for each region, and (b) the connection
strengths (Pearson correlation of cleaned timecourses) between all
303 regions were obtained, and for each condition (Tape, NoTape),
the correlation between average (over all runs from all subjects) con-
nection strength (Fisher Z-transformed Pearson correlation coeffi-
cient) and head motion (FD), was calculated (cf. Patriat, Reynolds, &
Birn, 2016). For each connection, cortical distance was calculated as
the Euclidean distance between the MNI coordinates of the regions'
centroids. All analyses on timecourse data were performed in
MATLAB 2015b, The MathWorks, Inc., Natick, MA, and Python (ver-
sion 3.7.0; Python Software Foundation, 2018) using the package
“SciPy” (version 1.1.0; Jones, Oliphant, Peterson, et al., 2001).
To further examine whether the head motion reduction induced
by the medical tape also specifically affected task-related fMRI acti-
vations in the three cognitive tasks in the current study, a fixed-
effects generalised linear model (GLM) was created for each cogni-
tive task. Each GLM included two regressors of interest, modelling
the effect of the task with and without tape, respectively (tasks were
modelled as described above). In all GLMs, regressors of interest
were convolved with the hemodynamic response function and the
six motion parameters from image realignment were included as
covariates. After accounting for serial correlations with an auto-
regressive AR(2) model, for each task, the main effect of the task
itself as well as the contrast Tape > NoTape were tested at a voxel
threshold of p < .05, corrected for multiple comparisons by means of
the false discovery rate. All fMRI activation analyses were performed
in BrainVoyager (version 21.2).
2.4.3 | Behavioural performance
To inspect whether the application of the medical tape affected behav-
ioural performance in the speeded response task, response time data
from the two variants (colour Stroop task and spatial Stroop task) were
aggregated and entered into a repeated measures ANOVA with the fac-
tors Congruency (congruent, incongruent) and Condition (Tape, NoTape).
All analyses based on response data were performed in R (version 3.5.1;
R Core Team, 2018) using the package “afex” (version 0.22; Singmann
et al., 2016).
2.4.4 | Participant ratings
To assess participants' subjective ratings of task difficulty and their
head motion, questionnaire data were analysed. For both ratings, a
separate repeated measures ANOVA with the factors Condition (Tape,
NoTape) and Task (Passive, Imagery, Response) was conducted.
Greenhouse–Geisser correction was applied when necessary. All ana-
lyses based on questionnaire data were performed in R (version 3.5.1;
R Core Team, 2018) using the package “afex” (version 0.22; Singmann
et al., 2016).
2.4.5 | Instructed head motion
To demonstrate that the medical tape is not simply restricting motion
physically, the range of possible head motion when explicitly
instructed to move was explored. An additional independent partici-
pant (female, 49 years old) was asked to actively move her head as if
looking in one of four directions. In two short runs (each 71 volumes)
with four blocked conditions, the participant was instructed to move
from a central head position to an up, down, left, or right tilted head
position and back (five times each) with a frequency of 0.5 Hz (paced
auditorily). In one of the runs, the medical tape was applied, while in
the other run, it was not. For each of the two runs, FD (see above)
was calculated and compared with the run with the maximum head
motion observed in each of the two conditions in the current study.
3 | RESULTS
3.1 | Head motion parameters
In line with our hypothesis, the ANOVA on mean translational head
motion indices revealed a significant main effect of the factor Condi-
tion, F(1,23) = 7.61, p < .05, ηp2 = .25, with less translational volume-
to-volume motion when the medical tape was applied (0.0171 mm),
compared to when it was not (0.0241 mm). No main effect of the
factor Task and no interaction between the factors Condition and
Task could be observed (both F < 1; Figure 2a). Likewise, the ANOVA
on mean rotational head motion indices showed a significant main
effect of the factor Condition, F(1,23) = 7.35, p < .05, ηp2 = .24, with
less rotational volume-to-volume motion when the medical tape was
applied (0.0146), compared to when it was not (0.0215). Again, no
main effect of the factor Task (F = 1.37) and no interaction between
the factors Condition and Task (F = 1.12) could be observed
(Figure 2b). The ANOVA on FD also revealed a significant main effect
of the factor Condition, F(1,23) = 8.13, p < .01, ηp2 = .26, with less
overall volume-to-volume motion when the medical tape was applied
(0.0436 mm), compared to when it was not (0.0627 mm). No main
effect of the factor Task and no interaction between the factors
Condition and Task could be observed (both F < 1).
Furthermore, the ANOVA on the regression coefficients of the lin-
ear regressions on translational head displacement indices revealed a
significant main effect of Condition, F(1,23) = 5.45, p < .05, ηp2 = .19,
with less translational drift when the medical tape was applied
(0.0023 mm/volume), compared to when it was not
(0.0033 mm/volume). No main effect of the factor Task (F < 1) and no
interaction between the factors Task and Condition (F = 1.08;
Figure 3a) were observed. Similarly, the ANOVA on the regression coef-
ficients of the linear regressions on rotational head displacement indices
showed a significant main effect of Condition, F(1,23) = 8.02, p < .01,
ηp2 = .26, with less rotational drift when the medical tape was applied
(0.0021/volume), compared to when it was not (0.0033/volume). As
in the former analyses, no main effect of the factor Task (F = 1.26) and
no interaction between the factors Task and Condition (F < 1) were
observed (Figure 3b).
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The regressions of average motion in the NoTape condition on the
average motion in the Tape condition resulted in overall significant
model fits for translational volume-to-volume motion, R2 = .546,
p < .001, rotational volume-to-volume motion, R2 = .585, p < .0001, FD,
R2 = .596, p < .0001, translational drift, R2 = .576, p < .001, and rota-
tional drift, R2 = .376, p < .01. Notably, the addition of the quadratic
term significantly improved the model for translational volume-to-
volume motion, F(1,21) = 8.49, p < .01, rotational volume-to-volume
motion, F(1,21) = 10.83, p < .01, and FD, F(1,21) = 11.18, p < .01. The
resulting negative nonlinear relationship between the two conditions
indicates that the more motion is present in a classical situation without
medical tape applied, the more the medical tape helps proportionally to
reduce this motion (see also Figure 2c,d). The addition of the quadratic
term did not improve the model for translational drift, F(1,21) = 2.94,
F IGURE 2 Results of analyses on short-term head motion. (a) Mean translational volume-to-volume motion as a function of task and
condition, showing a main effect of condition. Error bars represent 95% confidence intervals for within-subject designs (Morey, 2008).
(b) Mean rotational volume-to-volume motion as a function of task and condition, showing a main effect of condition. Error bars represent
95% confidence intervals for within-subject designs (Morey, 2008). (c) Nonlinear relation between translational motion in the NoTape
condition tape condition. For short-term head motion, the more motion there is without the medical tape, the stronger the advantageous
effect of the medical tape. (d) Nonlinear relation between rotational motion in the NoTape condition and tape condition. For short-term head
motion, the more motion there is without the medical tape, the stronger the effect of the medical tape [Color figure can be viewed at
wileyonlinelibrary.com]
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p = .137, and rotational drift, F(1,21) = .05, p = .834, indicating the lack
of a nonlinear relationship (see also Figure 3c,d).
The paired t tests on between-run motion indicated significantly
less translational head motion when the medical tape was applied
(0.28 mm), compared to when it was not applied (0.68 mm),
t(23) = 2.569, p < .05, d = 0.52, as well as significantly less rotational
head motion when the medical tape was applied (0.22), compared to
when it was not applied (0.58), t(23) = 2.155, p < .05, d = 0.43.
3.2 | fMRI data
The application of the medical tape had an overall positive effect on fMRI
data quality. Within the 303 sampled regions, an average increase in
tSNR of 8.08 was observed (t[302] = 17.99, p < .0001). Figure 4 shows
the spatial distribution of the changes in tSNR throughout the brain.
Furthermore, a reduced amount of negative as well as positive correla-
tions between head motion and connection strength was observed when
F IGURE 3 Results of analyses on long-term head motion. (a) Mean translational volume-to-volume motion as a function of task and
condition, showing a main effect of condition. Error bars represent 95% confidence intervals for within-subject designs (Morey, 2008). (b) Mean
rotational volume-to-volume motion as a function of task and condition, showing a main effect of condition. Error bars represent 95% confidence
intervals for within-subject designs (Morey, 2008). (c) Relation between translational motion in the NoTape condition and the tape condition. For
long-term head motion, the effect of the medical tape does not scale with the amount of motion there is without the medical tape. (d) Relation
between rotational motion in the NoTape condition and tape condition. For long-term head motion, the effect of the medical tape does not scale
with the amount of motion there is without the medical tape [Color figure can be viewed at wileyonlinelibrary.com]
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the medical tape was applied, compared to when it was not applied. The
strength of correlation reduction was slightly, but significantly, positively
correlated with the cortical distance of the connection (r = .18, p < .0001).
That is, the further away two regions, the more the medical tape helped
to reduce the correlation between the connectivity of these regions and
motion. Differences in the spatial pattern of this effect other than the
modulation of cortical distance did not become apparent. Figure 5 shows
the correlation matrices and histograms for both conditions.
Eventually, the medical tape also affected task-related fMRI
activations in the tested group of participants. Figure 6 shows
significant activations and deactivations of the effect of the medi-
cal tape in each of the three cognitive tasks. The application of
the medical tape led to changes in bilateral early visual cortex in
the passive viewing task, bilateral visual and parietal cortices in the
mental imagery task, and left motor primary cortex in the speeded
responses task.
3.3 | Behavioural performance
The ANOVA on response times of the speeded response task revealed
a significant main effect of Congruency, F(1,23) = 70.53, p < .001,
ηp2 = .75, with faster responses for congruent trials (557 ms) compared
to incongruent trials (609 ms), indicating a Stroop effect. No significant
effects were observed for the factor Condition (F = 1.19) and the inter-
action between the factors Congruency and Condition (F < 1).
3.4 | Participant ratings
The ANOVA on the participants' ratings of perceived task difficulty in
each run revealed a significant main effect of the factor Task, F(1.86,
42.69) = 26.34, p < .001, ηp2 = .53, with a lower rating in the passive
task (2.00) compared to both the imagery task (4.18; t[47] = 7.567,
p < .001) and the response task (4.23; t[47] = 7.368, p < .001). No
significant effects were observed for the factor Condition
(F(1,23) = 3.25, p = .08) and the interaction between the factors Condi-
tion and Task (F < 1). The ANOVA on the participants' ratings of per-
ceived head motion in each run also revealed a significant main effect of
the factor Task, F(1.94, 44.65) = 11.7, p < .001, ηp2 = .34, with a lower
rating in the passive task (1.96) compared to the response task (2.46; t
[47] = 7.920, p < .001) and lower rating in the response task compared
F IGURE 4 Spatial distribution of the changes in temporal signal-to-noise ratio (tSNR) when the medical tape was applied. Overall, an increase
in tSNR was observed [Color figure can be viewed at wileyonlinelibrary.com]
F IGURE 5 Influence of head motion on functional connectivity
(a) matrices with correlations (across all runs form all subjects) between
average head motion and connection strength for 303 regions for both
conditions. (b) Histograms of the correlations for both conditions.
Application of the medical tape led to fewer negative and positive
correlations [Color figure can be viewed at wileyonlinelibrary.com]
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to the imagery task (3.22; t[47] = 3.745, p < .001). In line with the actual
head motion data, there was a significant effect of the factor Condition
(F(1,23) = 8.61, p < .01, ηp2 = .27), with less perceived head motion
when the medical tape was applied (2.35) compared to when it was not
applied (2.74). No interaction between the factors Condition and Task
was observed (F < 1).
F IGURE 6 Changes in task-based functional magnetic resonance imaging activation induced by the task itself (top) as well as the application
of the medical tape (bottom) for all three cognitive tasks. Application of the medical tape led to positive (red) and negative (blue) changes in task-
relevant areas (bilateral early visual cortex in the passive viewing task, bilateral visual and parietal cortices in the mental imagery task, and left
primary motor cortex in the speeded responses task) [Color figure can be viewed at wileyonlinelibrary.com]
F IGURE 7 Comparison of possible head motion (when explicitly instructed) with head motion observed in the current study. (a) Runs of an
independent additional participant who was explicitly instructed to move her head, once with the medical tape applied and once without. (b) Runs
with maximum head motion in the current study per condition (with medical tape, without medical tape applied). The effect of the medical tape
on head motion was not simply due to physical restriction [Color figure can be viewed at wileyonlinelibrary.com]
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3.5 | Instructed head motion
Having explicitly instructed an independent additional participant to
move her head, average FD was 2.48 mm during the run in which the
medical tape was applied and 3.25 mm in the run in which it was not
applied (Figure 7a). In contrast, the maximum observed average run FD
in the current study was 0.27 mm without the medical tape applied
(Run 2 of participant 19, speeded responses) and 0.19 mm with the
medical tape applied (Run 4 of Participant 3, passive viewing;
Figure 7b). Those two runs also contained the maximum observed peak
FD (i.e., the difference in head position between two consecutive single
volumes within a run) in the current study of 12.62 mm without the
medical tape applied and 5.81 mm with medical tape applied (see also
Figure 7b). In comparison, the maximum peak FD in the additional par-
ticipant explicitly instructed to move head was 14.57 mm without the
tape applied and 12.57 mm with the tape (see also Figure 7a).
4 | DISCUSSION
The current study is a first investigation of the efficacy of a simple
tactile-feedback-based method for the voluntary reduction of subject
head motion during MR recordings that have been employed by several
researchers over the last years: a strip of medical tape that is applied
from one side of the MR head coil, via the subject's forehead, to the
other side. Our results indicate that this method significantly reduced
short-term motion (i.e., volume-to-volume) as well as long-term motion
(i.e., drift) in both the translational and rotational domain, making this
simple tactile-feedback-based active motion reduction method a viable
alternative (or addition) to other motion reduction methods.
Interestingly, the observed head motion reduction was not depen-
dent on the particular task being performed in the scanner (passive
viewing, motor imagery, speeded responses), suggesting that it can be
beneficial in a large variety of MR applications, ranging from rather
passive structural or resting-state recordings to more active functional
experimental paradigms. Short-term head motion reduction did, how-
ever, scale with the amount of head motion. That is, the more head
motion an individual produced without medical tape applied, the more
beneficial the application of medical tape became. This suggests that
the here tested method would be especially beneficial for subject
populations in which more head motion can be expected a priori
(e.g., children; Greene et al., 2016; Greene et al., 2018). This becomes
particularly important, when such populations are to be compared to
a control population, since strong between-group differences in head
motion can introduce spurious results in MRI data (Greene et al.,
2016). In this context, it is worth noting that even though the effect
of the tape in the current study was of substantial size (ηp2 between
.18 and .25); head motion in the tested group of participants was
remarkably low already without the medical tape applied. One poten-
tial explanation for this might lie in the fact that the study design
incorporated multiple short functional runs (of about 6 min each). The
frequent occurrences of restful breaks (i.e., no scanner noise, no task
demands) resulting from this particular setting might have led to less
discomfort- and exhaustion-related head motion than a more common
long functional run of up to an hour, in which the effects of the medi-
cal tape on head motion can be expected to be even stronger.
The explicit choice of using multiple short functional runs in the cur-
rent study did, however, allow for analysing head motion between sub-
sequent experimental runs, which the medical tape also significantly
reduced. This makes the application of the medical tape especially useful
for real-time fMRI applications which target specific predefined brain
regions and rely on accurate positioning information during a session
with multiple measurements, such as brain–computer interfaces and
neurofeedback (Weiskopf et al., 2003; Weiskopf et al., 2004). Since real-
time fMRI analyses also cannot incorporate some of the more advanced
and computationally demanding data-driven retrospective motion cor-
rection methods often used for offline data (e.g., independent compo-
nent analysis; Pruim et al., 2015), they also strongly benefit from the
within-run motion reduction the medical tape provides.
The negative effects of head motion on (f)MRI data are generally
so well acknowledged, with many different proposed methods that
attempt to correct for it in retrospect (see Zaitsev et al., 2015 for a
review), that it should make the benefit of the here presented signifi-
cant prospective motion reduction rather obvious: it is always prefera-
ble to prevent head motion from happening, rather than trying to
correct for it afterward. This is especially true when there is a lot of
head motion present, which not only makes it more difficult to cor-
rect, but might also lead to measurements which are not sufficiently
correctable and have hence to be entirely excluded from further
analysis—a situation one would ideally like to prevent. The beneficial
effect of any prospective motion correction method will hence be
most noticeable in data with substantial head motion. That said, the
overall motion of the participants in the current study was rather low,
even when the medical tape was not applied. The fact that, despite
this, the application of the medical tape led to a significant reduction
in head motion, clearly speaks to the efficacy of this motion reduction
method, and it is encouraging that this effect was furthermore still
traceable in the functional fMRI data. The application of the medical
tape leads to an average increase in tSNR. Interestingly, the spatial
distribution of this increase showed the effect to be strongest in fron-
tal areas of the brain. This could suggest that the motion reduction of
the medical tape affects fMRI data quality even more in studies
involving cognitive tasks that predominantly activate frontal areas
(e.g., cognitive control tasks), but could also indicate that differences
in motion distinctly impact participant groups that differ in frontal
activity. The application of the medical tape furthermore reduced the
amount of motion-related functional connectivity, and the amount of
this reduction was slightly stronger for connections with larger corti-
cal distances. These observations are in line with previous findings in
resting-state data, showing that head motion produces structured
noise that causes distance-dependent changes in signal correlations
which can bias group results if there are differences in head motion
(Power et al., 2012; Power et al., 2014). Eventually, the application of
the medical tape also affected task-based fMRI activations in all three
cognitive tasks in the tested group of participants, showing significant
differences (positive and negative) in the estimation of activations in
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task-relevant brain regions. In particular, the application of the medical
tape affected the activation of bilateral early visual cortex in the passive
viewing task, bilateral visual and parietal cortices in the mental imagery
task, and left primary motor cortex in the speeded responses task).
These results imply that imaging artefacts related to head motion can,
at least to some degree, affect the estimation of task-based fMRI acti-
vation even after classical retrospective motion correction, and under-
lines the importance of attempting to reduce motion prospectively.
Importantly, even though participants in the current study seemed
to have been aware of the positive effect the medical tape had on
their head motion (as suggested by the questionnaire data), the pres-
ence of medical tape did not modulate their behavioural performance
in the Stroop task, suggesting that the application of the medical tape
did not affect cognitive performance. This is particularly worth notic-
ing since it has been shown that previously suggested motion reduc-
tion methods can have an influence on measured variables that are
relevant for an empirical study (Greene et al., 2018; Yang
et al., 2005).
The current study investigates head motion solely based on esti-
mates that resulted from realignment of the functional MR images.
We chose this measure as it is today by far the most common way to
quantify MRI head motion. Nevertheless, more sophisticated head
position tracking with high speed cameras have recently been made
available (Stucht et al., 2015; Todd et al., 2011). Future studies using
this technology could provide interesting additional information on
the efficacy of the medical tape. In particular, while we show here that
the medical tape significantly reduces between-volume head motion,
head position tracking with high speed cameras could give insights
into whether the medical tape also reduced within-volume motion
(a kind of motion that is often ignored in MRI research).
The here tested active head motion reduction method significantly
differs from passive methods, such as a plaster cast head holder
(Edward et al., 2000) or a bite bar (Bettinardi et al., 1991; Menon et al.,
1997). Most notably, the application of the medical tape does not aim
to fixate participants head and thereby passively prevent them from
moving their heads. While the medical tape arguably might put an upper
limit on the excess of head motion (as does any form of cushioning, as
well as the head coil and even scanner bore themselves), this upper limit
is far away from any head motion that would naturally be expected dur-
ing an MRI scan session. That is, participants can still visibly move their
heads in the range of centimetres under the tape when asked to do so,
and any firmer head motion would easily remove the tape entirely
(e.g., in case of an emergency). Data from an additional independent
participant who was explicitly instructed to move her head confirmed
that (a) substantial head motion is still possible when the medical tape is
applied and (b) the head motion observed in the current study was
much lower than that. Rather, the medical tape provides tactile feed-
back by moving the skin on the forehead, making participants aware of
their movement and allows them to actively reduce it. Passive fixation
furthermore has been reported to be rather unpleasant for the partici-
pants (Zaitsev et al., 2015). While there is no a priori reason to assume
that the application of the medical tape is unpleasant per se, it is never-
theless worth noting that none of the 24 participants in the current
study mentioned any discomfort related to the tape, neither during the
procedure, nor in the debriefing afterward. Several participants did,
however, positively comment on the usefulness of the feedback infor-
mation the medical tape provided. The here tested method also signifi-
cantly differs from another previously presented active head motion
reduction method which provides participants with real-time visual
head motion information (Greene et al., 2018; Yang et al., 2005). Being
a much simpler setup (i.e., no real-time analysis of head motion parame-
ters), implementation is nontechnical, quick, cost-efficient, and should
be applicable in any scanning facility.
Taken together, providing participants with tactile feedback about
their head motion by applying medical tape from one side of the MR
head coil, via their forehead, to the other side, is a viable and cost-
efficient (both economically and with respect to setup complexity and
time investment) method to reduce head motion in MRI in a large vari-
ety of scenarios and facilities.
ACKNOWLEDGMENTS
This work was financially supported by Scannexus B.V. as well the
European Commission's Health Cooperation Work Programme of the
7th Framework Programme, under the grant agreement no. 602186
(BRAINTRAIN).
CONFLICT OF INTEREST
The authors declare no competing conflict of interest.
DATA AVAILABILITY
Anonymised data and scripts for reproducing the reported analyses
for head motion parameters, tSNR, functional connectivity, behav-
ioural performance as well as participant ratings are openly available
in the Open Science Framework at https://osf.io/hrnfw/. MR images
and the related fMRI activation analyses are available on request from
the corresponding author. MR images are not publicly available due to
privacy or ethical restrictions.
ORCID
Florian Krause https://orcid.org/0000-0002-2754-3692
REFERENCES
Beall, E. B., & Lowe, M. J. (2014). SimPACE: Generating simulated motion
corrupted BOLD data with synthetic-navigated acquisition for the
development and evaluation of SLOMOCO: A new, highly effective
slicewise motion correction. NeuroImage, 101, 21–34. https://doi.org/
10.1016/j.neuroimage.2014.06.038
Bettinardi, V., Scardaoni, R., Gilardi, M. C., Rizzo, G., Perani, D., Paulesu, E.,
… Fazio, F. (1991). Head holder for PET, CT, and MR studies. Journal of
Computer Assisted Tomography, 15(5), 886–892. https://doi.org/10.
1097/00004728-199109000-00034
Edward, V., Windischberger, C., Cunnington, R., Erdler, M., Lanzenberger,
R., Mayer, D., … Beisteiner, R. (2000). Quantification of fMRI artifact
4036 KRAUSE ET AL.
reduction by a novel plaster cast head holder. Human Brain Mapping,
11(3), 207–213. https://doi.org/10.1002/1097-0193(200011)11:
3<207::AID-HBM60>3.0.CO;2-J
Friston, K. J., Ashburner, J., Frith, C. D., Poline, J.-B., Heather, J. D., &
Frackowiak, R. S. J. (1995). Spatial registration and normalization of
images. Human Brain Mapping, 3, 165–189 https://doi.org/10.1002/
hbm.460030303
Friston, K. J., Williams, S., Howard, R., Frackowiak, R. S. J., & Turner, R. (1996).
Movement-related effect in fMRI time-series.Magnetic Resonance in Medi-
cine, 35(3), 346–355 https://doi.org/10.1002/mrm.1910350312
Goebel, R. (2012). BrainVoyager—Past, present, future. NeuroImage, 62,
748–756 https://doi.org/10.1016/j.neuroimage.2012.01.083
Gordon, E. M., Laumann, T. O., Adeyemo, B., Huckins, J. F.,
Kelley, W. M., & Petersen, S. E. (2014). Generation and evaluation of a
cortical area Parcellation from resting-state correlations. Cerebral Cor-
tex, 26(1), 288–303 https://doi.org/10.1093/cercor/bhu239
Greene, D. J., Black, K. J., & Schlaggar, B. L. (2016). Considerations for MRI
study design and implementation in pediatric and clinical populations.
Developmental Cognitive Neuroscience, 18, 101–112 https://doi.org/
10.1016/j.dcn.2015.12.005
Greene, D. J., Koller, J. M., Hampton, J. M., Wesevich, V., Van, A. N.,
Nguyen, A. L., … Dosenbach, N. U. F. (2018). Behavioral interven-
tions for reducing head motion during MRI scans in children.
NeuroImage, 171, 234–245 https://doi.org/10.1016/j.neuroimage.
2018.01.023
Jones, E., Oliphant, T., Peterson, P. (2001). SciPy: Open source scientific
tools for Python. Python package version 1.1.0. Retrieved from https://
scipy.org
Krause, F., Benjamins, C., Lührs, M., Eck, J., Noirhomme, Q., Rosenke, M.,
… Goebel, R. (2017). Neurofeedback at display: Real-time fMRI-based
self-regulation of brain activation across different visual feedback pre-
sentations. Brain–Computer Interfaces, 4(1–2), 87–101 https://doi.org/
10.1080/2326263X.2017.1307096
Krause, F., & Lindemann, O. (2014). Expyriment: A Python library for cog-
nitive and neuroscientific experiments. Behavior Research Methods, 46
(2), 416–428 https://doi.org/10.3758/s13428-013-0390-6
Kriegeskorte, N., Sorger, B., Naumer, M., Schwarzbach, J., van den
Boogert, E., Hussy, W., & Goebel, R. (2003). Human cortical object rec-
ognition from a visual motion Flowfield. The Journal of Neuroscience,
23(4), 1451–1463 https://doi.org/10.1523/jneurosci.23-04-01451.
2003
Maclaren, J., Herbst, M., Speck, O., & Zaitsev, M. (2013). Prospective
motion correction in brain imaging: A review. Magnetic Resonance in
Medicine, 69(3), 621–636 https://doi.org/10.1002/mrm.24314
Menon, V., Lim, K. O., Anderson, J. H., Johnson, J., & Pfefferbaum, A.
(1997). Design and efficacy of a head-coil bite bar for reducing
movement-related artifacts during functional MRI scanning. Behavior
Research Methods, Instruments, & Computers, 29(4), 589–594 https://
doi.org/10.3758/bf03210613
Morey, R. D. (2008). Confidence intervals from normalized data: A
correction to Cousineau (2005). Tutorial in Quantitative Methods
for Psychology, 4(2), 61–64. https://doi.org/10.20982/tqmp.04.2.
p061
Patriat, R., Reynolds, R. C., & Birn, R. M. (2016). An improved model of
motion-related signal changes in fMRI. NeuroImage, 144(Pt. A), 74–82
https://doi.org/10.1016/j.neuroimage.2016.08.051
Power, D. J., Mitra, M., Laumann, T. O., Snyder, A. Z., Schlaggar, B. L., &
Petersen, S. E. (2014). Methods to detect, characterize, and remove
motion artifact in resting state fMRI. NeuroImage, 84, 320–341
https://doi.org/10.1016/j.neuroimage.2013.08.048
Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., & Petersen, S. E.
(2012). Spurious but systematic correlations in functional connectivity
MRI networks arise from subject motion. NeuroImage, 59(3),
2142–2154 https://doi.org/10.1016/j.neuroimage.2011.10.018
Pruim, R. H. R., Mennes, M., van Rooij, D., Llera, A., Buitelaar, J. K., &
Beckmann, C. F. (2015). ICA-AROMA: A robust ICA-based strategy for
removing motion artifacts from fMRI data. NeuroImage, 112, 267–277
http://doi.org/10.1016/j.neuroimage.2015.02.064
Python Software Foundation. (2018). Python Language Reference, version
2.7. Retrieved from http://www.python.org
R Core Team (2018). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing. Retrieved
from http://www.R-project.org/
Singmann, H., Bolker, B., Westfall, J., & Aust, F. (2016). afex: Analysis of
Factorial Experiments. R package version 0.22–1. Retrieved from
https://CRAN.R-project.org/package=afex
Stucht, D., Danishad, K. A., Schulze, P., Godenschweger, F., Zaitsev, M., &
Speck, O. (2015). Highest resolution in vivo human brain MRI using
prospective motion correction. PLoS One, 10(7), e013392 https://doi.
org/10.1371/journal.pone.0133921
Sulzer, J., Haller, S., Scharnowski, F., Weiskopf, N., Birbaumer, N.,
Blefaria, M. L., … Sitaram, R. (2013). Real-time fMRI neurofeedback:
Progress and challenges. NeuroImage, 76, 386–399 https://doi.org/10.
1016/j.neuroimage.2013.03.033
Todd, N., Josephs, O., Callaghan, M. F., Lutti, A., & Weiskopf, N. (2011).
Prospective motion correction of 3D echo-planar imaging data for
functional MRI using optical tracking. NeuroImage, 113, 1–12 https://
doi.org/10.1016/j.neuroimage.2015.03.013
Weiskopf, N., Mathiak, K., Bock, S. W., Scharnowski, F., Veit, R.,
Grodd, W., … Birbaumer, N. (2004). Principles of a brain-computer
interface (BCI) based on real-time functional magnetic resonance
imaging (fMRI). IEEE Transactions on Biomedical Engineering, 51(6),
966–970 https://doi.org/10.1109/TBME.2004.827063
Weiskopf, N., Veit, R., Erb, M., Mathiak, K., Grodd, W., Goebel, R., &
Birbaumer, N. (2003). Physiological self-regulation of regional brain
activity using real-time functional magnetic resonance imaging (fMRI):
Methodology and exemplary data. NeuroImage, 19(3), 577–586
https://doi.org/10.1016/s1053-8119(03)00145-9
Welvaert, M., & Rosseel, Y. (2013). On the definition of signal-to-noise
ratio and contrast-to-noise ratio for fMRI data. PLoS One, 8(11),
e77089 https://doi.org/10.1371/journal.pone.0077089
Yakupov, R., Lei, J., Hoffmann, M. B., & Speck, O. (2017). False fMRI acti-
vation after motion correction. Human Brain Mapping, 38(9),
4497–4510 https://doi.org/10.1002/hbm.23677
Yang, S., Ross, T. J., Zhang, Y., Stein, E. A., & Yang, Y. (2005). Head motion
suppression using real-time feedback of motion information and its
effects on task performance in fMRI. NeuroImage, 27(1), 153–162
https://doi.org/10.1016/j.neuroimage.2005.02.050
Zaitsev, M., Maclaren, J., & Herbst, M. (2015). Motion artifacts in MRI: A
complex problem with many partial solutions. Journal of Magnetic Reso-
nance Imaging, 42(4), 887–901 https://doi.org/10.1002/jmri.24850
How to cite this article: Krause F, Benjamins C, Eck J, Lührs M,
van Hoof R, Goebel R. Active head motion reduction in magnetic
resonance imaging using tactile feedback. Hum Brain Mapp. 2019;
40:4026–4037. https://doi.org/10.1002/hbm.24683
KRAUSE ET AL. 4037
